The presence of oxygen during growth seems to have a variable effect on the hemoprotein content of microorganisms which can grow under both aerobic and anaerobic conditions (16, 26) . In Bacillus cereus only cytochrome b is found in anaerobically grown cells, whereas aerobically grown cells contain cytochromes a and c in addition to b. The total heme content of aerobically grown cells is about five times that of anaerobically grown cells (24) . Pasteurella pestis and B. subtilis also exhibit a much lower content of cytochromes and free hematin when grown anaerobically rather than aerobically (4, 6 ). Anaerobically grown cells of Staphylococcus aureus and S. epidermidis are markedly deficient in total heme and cytochrome content and in respiratory and catalase activity (8, 12, 13, 14) .
In contrast, the synthesis of heme compounds by other microorganisms does not appear to require the presence of oxygen during growth.
For instance, the obligately anaerobic Desulfovibrio has a high content of cytochrome c, and the facultative anaerobe Escherichia coli makes I Presented in part at the 68th Annual Meeting of the American Society for Microbiology, Detroit, Mich., 5-10 May 1968. significant quantities of some cytochromes during anaerobic growth (2, 9, 11, 22) . The denitrifiers Pseudomonas denitrificans and Micrococcus denitrificans are richest in cytochrome content when grown anaerobically in the presence of nitrate (16, 27) .
Although some facultative bacteria synthesize heme compounds only during growth in the presence of oxygen, the nature of this oxygen requirement is unknown. B. cereus and S. epidermidis, which require oxygen for maximal heme synthesis, accumulate coproporphyrin during anaerobic growth (10, 25) . The anaerobic production of this derivative of coproporphyrinogen, a late intermediate in heme biosynthesis, might indicate a requirement for oxygen in the oxidation of coproporphyrinogen. In liver mitochondria, the conversion of coproporphyrinogen to protoporphyrin requires molecular oxygen and other electron acceptors cannot substitute for oxygen (1, 21, 22) .
Our study investigates the possibility of a similar oxygen-requiring step in heme synthesis by S. epidermidis. Our previous studies indicated that resting suspensions of anaerobically grown cells, although markedly deficient in total heme content, were capable of a rapid and marked increase in heme when exposed to oxygen in the presence of glucose and buffer. The observation that an inhibitor of protein synthesis did not block the increase in heme content (14) suggested that this increase did not require de novo protein synthesis. In this study, we utilized the increase in heme which occurs in these cells as a method for examining the nature of the oxygen requirement for heme synthesis in Staphylococcus. The effect of oxygen on the accumulation of porphyrins as well as heme by resting suspensions of anaerobically grown cells incubated with 5-aminolevulinic acid (ALA) was investigated in detail. The results suggest that oxygen is required for the accumulation of protoheme but not of coproporphyrin. The ability of the alternate electron acceptor, nitrate, to substitute for oxygen as an electron acceptor for heme accumulation was also investigated.
MATERIALS AND METHODS
Most of the methods used were described previously in detail (14) . Resting suspensions of anaerobically grown cells were prepared by centrifuging cells from the anaerobic growth medium at 0 C and suspending them in phosphate buffer and glucose at 0 C. Aerobic incubation of these suspensions was achieved by placing 15 ml in a 250-ml Erlenmeyer flask on a vigorously rotating shaker at 37 C. Anaerobiosis was achieved by passing deoxygenated nitrogen gas through the suspension in a screw-cap test tube for 5 min at 0 C. Mineral oil was layered on the suspension, and the tube was sealed under a head of nitrogen gas and incubated in a water bath at 37 C. After incubation, the cells were chilled to 0 C and washed twice by centrifugation in cold saline.
The procedure for extracting and analyzing tetrapyrroles (14) involved suspending packed pellets of cells in acidic acetone for 2 or 3 hr at 0 C. The acetone was separated by centrifugation and the cells were extracted with a second volume of acid acetone. The combined acetone extracts were mixed with diethyl ether and dilute aqueous HCI. Heme was extracted from the ether layer with base and determined as the pyridine hemochromogen. The porphyrins, which are not soluble in diethyl ether under acidic conditions, were recovered in the dilute HCI layer. No attempt was made to quantitate all types of porphyrin formed by these suspensions. Total porphyrin content was estimated from the absorbancy at the porphyrin peak at 402 to 404 nm in the dilute HCI layer. The absorbancy at the base of this peak (determined by drawing a line between the absorption minima at 430 and 380 nm) was subtracted to correct for nonspecific absorbancy. This value was multipled by the extinction coefficient for coproporphyrin (e = 489; 7) even though porphyrins other than coproporphyrin were present. Thus, the data presented as total porphyrin are a measure of compounds with a porphyrinlike soret band calculated as coproporphyrin. The amount of coproporphyrin itself in the total porphyrin fraction was determined by extraction of the dilute HCI layer with ethyl acetate after adjustment to pH 4.8 (28) . The absorbancy at 402 nm in 1.5 N HCI and the extinction coefficient (7) were used to calculate the amount of coproporphyrin.
Chromatographic analysis of the porphyrins and their methyl esters was used to further identify the porphyrins produced. The dilute HCI layer of the cell extract was evaporated in vacuo. Porphyrins were esterified in methanol and sulfuric acid for 20 hr. The esters were extracted into chloroform and washed with aqueous NH40H (7), evaporated to dryness, dissolved in benzene, and applied to precoated silica gel thin-layer chromatography plates (E. Merck AG, Darmstadt, Germany). Plates were developed for 30 min with benzene-ethyl acetate-methanol (3). In some experiments, the acidic acetone extract itself rather than the HCI layer of this extract was evaporated and esterified. No difference in the types of porphyrin was noticed by these two procedures. Chromatographic analysis of the free porphyrins was conducted with 2,6-lutidine and water as solvent on either precoated silica gel plates (15) or paper (7) . Protoporphyrin IX and coproporphyrin III ester were obtained from Calbiochem, Los Angeles, Calif., and uroporphyrin III ester and coproporphyrin I from Sigma Chemical Co., St. Louis, Mo. Coproporphyrin III was also prepared from iron-deficient cultures of B. subtilis (20) . Procedures described by Falk (7) were used for hydrolysis of esters, for esterificaton of free porphyrins, and for purification of esters on alumina columns.
Concentrations of nitrite (19) and ALA (17) were determined colorimetrically.
RESULTS
Effect of aeration on accumulation of porphyrins and heme from ALA by resting suspensions of anaerobically grown cells. Our previous studies indicated that anaerobically grown cells of S. epidermidis contain about 10 to 15% of the amount of protoheme found in aerobically grown cells. However, resting suspensions of anaerobically grown cells exhibited a rapid and marked increase in protoheme content when exposed to air in the presence of ALA and glucose (14) . The accumulation of porphyrins and heme under various conditions by resting suspensions is shown in Table 1 . Several results were evident. Exclusion of oxygen from the incubation mixture inhibited the accumulation of protoheme but enhanced the accumulation of coproporphyrin. Protoheme accumulation did not require but was stimulated by ALA. Accumulation of the fraction analyzed as total porphyrin was markedly dependent upon ALA concentration, and, at high levels of ALA, porphyrins were accumulated in large excess over protoheme. Under anaerobic conditions, these porphyrins probably accumulated in their reduced, porphyrinogen form, as suggested by the observation that suspensions incubated anaerobically were nonfluorescent immediately after incubation. However, after exposure to air for several hours at 0 C, the suspensions exhibited bright red fluorescence.
The types of porphyrin produced by these suspensions were further analyzed by thin-layer and paper chromatography of the free porphyrins and their methyl esters. A thin-layer chromatogram of the methyl esters (Fig. 1) indicated that no protoporphyrin was accumulated under either anaerobic or aerobic conditions and that more coproporphyrin was present in the sample incubated anaerobically. The intense spots at the origin in samples 5 and 6 suggested the presence of large amounts of uroporphyrin in samples incubated aerobically and anaerobically. The lighter spots between the origin and coproporphyrin are probably due to porphyrin intermediates with 7, 6, or 5 carboxyl groups. Thin-layer and paper chromotography of the free porphyrins with lutidine as solvent also indicated the presence of uroporphyrin and coproporphyrin in these suspensions. The coproporphyrin had a chromatographic mobility similar to coproporphyrin III.
The stoichiometry of ALA conversion to tetrapyrroles was estimated. In the experiment shown in Table 1 
